Background: European System for Cardiac Operative Risk Evaluation II (EuroSCORE II) is used for risk stratification before cardiac surgery, but whether N-terminal pro-B-type natriuretic peptide (NT-proBNP) and highsensitivity troponin T (hs-TnT) may add prognostic information to EuroSCORE II is not known. Methods: Preoperative (n = 640) and postoperative (n = 629) blood samples were available from cardiac surgical patients with 961-day follow-up (FINNAKI Heart study; cohort #1). The accuracy of a parsimonious risk model with NT-proBNP measurements was also tested in 90 patients with respiratory failure after cardiac surgery (FINNALI study; cohort #2). Results: Sixty-one patients (9.5%) died during follow-up in cohort #1. Preoperative NT-proBNP and hs-TnT concentrations correlated (rho = 0.58; p < 0.001) and were higher in non-survivors compared to survivors: Pre-and postoperative NT-proBNP concentrations were closely correlated (rho = 0.80, p < 0.001) and postoperative NT-proBNP concentrations were also associated with long-term mortality after adjustment for EuroSCORE II. A parsimonious risk model that included age, creatinine clearance, chronic pulmonary disease, and NT-proBNP measurements provided comparable prognostic accuracy as EuroSCORE II in cohort #1 and #2 for risk of long-term mortality. hs-TnT measurements did not add to NT-proBNP measurements Conclusion: NT-proBNP measurements could improve and simplify risk prediction in cardiac surgical patients.
developed to provide prognostic information concerning hospital mortality in cardiac surgical patients [4] . Later, this model has been revised as EuroSCORE II [5] and EuroSCORE II has also been validated to provide long-term risk prediction after isolated coronary artery bypass graft (CABG) surgery [6] . The EuroSCORE II score is calculated based on 18 variables, including age, gender and specific comorbidities, indices for functional status, estimated risk for the specific surgical procedure, and indices for cardiac function. Although recent myocardial infarction and measurements of left ventricular ejection fraction are included in EuroSCORE II to reflect cardiac status, circulating cardiac biomarkers are currently not included in risk models for cardiac surgical patients [5] .
N-terminal pro-B-type natriuretic peptide (NT-proBNP) and highsensitivity troponin T (hs-TnT) are established cardiac biomarkers in routine clinical use in Europe [7, 8] . NT-proBNP has an ability to discriminate between heart failure and non-cardiac dyspnea [9] , while cardiac troponin is a sine qua non criterion to diagnose myocardial infarction in patients with acute coronary syndromes [7] . Circulating concentrations of NT-proBNP and hs-TnT have also been reported to provide incremental prognostic information to clinical risk indices across the spectrum of cardiovascular disease [8, 10] , including in cardiac surgical patients [11] [12] [13] [14] and in patients with intermediate Euro-SCORE II risk score [15] . We have also recently reported that the combination of pre-and postoperative hs-TnT concentrations provided additional prognostic information to EuroSCORE II in patients with non-CABG cardiac surgery in the FINNish Acute Kidney Injury (FIN-NAKI) Heart Study [16] . Still, whether NT-proBNP or the combination of NT-proBNP and hs-TnT measurements adds prognostic information to EuroSCORE II, including reclassification, is currently not known. This information should be of clinical relevance as EuroSCORE II have suboptimal performance in high-risk patients and in patients subjected to isolated CABG surgery [17, 18] , which supports the call for variables for a new and improved EuroSCORE III risk model [5] . Accordingly, in this study we hypothesized that (1) NT-proBNP and hs-TnT measurements would improve the EuroSCORE II risk model, as assessed by several statistical metrics, and (2) that a risk model with fewer key clinical variables and cardiac biomarkers (parsimonious risk model) could provide comparable prognostic information to the EuroSCORE II risk model.
Methods

Cohort #1: FINNAKI Heart Study
The FINNAKI Heart Study is a single-center sub-study of the multicenter FINNAKI Study [16, 19] . The FINNAKI Heart Study is a prospective observational study with an overall aim to evaluate the predictive value of cardiac biomarkers for all-cause mortality in patients subjected to cardiac surgery. The Ethics Committee in Helsinki University Hospital approved the study and informed consent was obtained from each patient or their next of kin. The flow chart of patient inclusion is presented in Fig. 1 . All adult patients (≥ 18 years) subjected to cardiac surgery in Helsinki University Hospital from September 1st 2011 to January 31st 2012 were eligible for inclusion into the study, except some predefined groups: patients planned for cardiac transplantation, patients that refused transfusions, and patients that were scheduled for implantation of ventricular assist devices or trans-femoral valve implantations. We also excluded patients that were not admitted to Intensive Care Units (ICUs) after surgery, non-Finnish residents, patients without informed consent, and patients without preoperative blood sampling.
Between February 1st 2012 and June 20th 2012 the FINNAKI Heart Study only included patients undergoing CABG. The endpoint of this study was all-cause mortality and maximum follow-up was 961 days. Demographic and clinical data were prospectively collected to the Finnish Intensive Care Consortium database (Tieto Ltd., Helsinki, Finland) via study-specific case report forms and electronic anesthesia and intensive care patient reports (PICIS, Wakefield, MA, USA and Dräger Medical, Lübeck, Germany). Creatinine clearance was calculated according to the Cockcroft-Gault formula for EuroSCORE II [5] . Mortality data were obtained from the Finnish Population Register Centre and no patient was lost to follow-up.
Cohort #2: cardiac surgical patients in the FINNALI study
The FINNish Acute Lung Injury (FINNALI) Study was a prospective observational multicenter study conducted during an 8-week period from April 16th 2007 to June 10th 2007, which enrolled patients treated for at least 6 h with ventilatory support in 25 Finnish ICUs ( Supplementary Fig. 1 ) [20] . For this study, we included only patients from the FINNALI Study that underwent cardiac surgery prior to the need for ventilatory support and with blood sampling on ICU admission, entailing the five Finnish University Hospitals and Vasa Central Hospital (Supplementary Fig. 1 ; n = 90). Mean follow-up was 331 days ( ± 10.69 days [SEM] ) and maximal follow-up was 365 days in cohort #2. Data for all-cause mortality in cohort #2 was obtained from Statistics Finland. We recorded information on comorbidities and standard laboratory variables from the patient chart records. The FINNALI Study was conducted according to the Declaration of Helsinki and the ethical consideration and approval from the Helsinki University Ethics Committee covered all hospitals included in the study. All patients or a close relative gave informed consent before study commencement.
Blood sampling and biochemical analysis
Blood samples in cohort #1 were collected from arterial lines before induction of anesthesia and on the first postoperative morning. The samples were separated and stored at − 80°C, and shipped on dry ice to Akershus University Hospital for hs-TnT and NT-proBNP analyses. Due to the inclusion strategy of cohort #2 that required respiratory failure, only blood samples on day 1 after cardiac surgery were available in the FINNALI Study. These were stored for a short period at −20°C or colder in each of the participating hospitals before being moved to Helsinki University Central Hospital and stored at − 80°C before NTproBNP measurements. In both studies the methods for storing blood samples have been shown to be adequate for stability in later analyses [21] [22] [23] . hs-TnT concentrations in cohort #1 were determined on the auto-analyzer Cobas 8000 e801 (Roche Diagnostics) by a commercial assay (troponin T hs STAT, Roche Diagnostics). The lower detection limit is 5 ng/L, limit of blank is 3 ng/L, and the 99th percentile value in healthy subjects is 14 ng/L with a coefficient of variation (CV) of 8% for the hs-TnT assay [24, 25] . Fifteen patients had missing preoperative hsTnT concentrations and one patient had hs-TnT concentration below the limit of blank and was assigned a concentration of 3 ng/L. NTproBNP concentrations in cohort #1 were measured by the commercially available immunometric assay (proBNP, Roche Diagnostics) on a Cobas 8000 e801 (Roche Diagnostics), while for cohort #2 NT-proBNP concentrations were measured by a commercially available immunoassay (proBNP, Roche Diagnostics) on an Elecsys 2010 autoanalyzer (Roche Diagnostics) as previously described [26] . Specimens were run in one batch when analyzed.
Statistics
We report continuous variables with non-normal distribution as median (quartile 1-3), and categorical variables are presented as absolute number (percentage). We tested the distribution of continuous variables by the Kolmogorov-Smirnov test. To compare continuous variables we used the Mann-Whitney U test and categorical data were compared by the Pearson Chi-Square test or the Fisher's exact test. Serial measurements were tested by the related-samples Wilcoxon signed rank test. We calculated correlation coefficients by Spearman rank correlation and explored variables associated with high preoperative hs-TnT and NT-proBNP concentrations by linear regression analyses.
To assess the association between preoperative hs-TnT and NTproBNP concentrations and time to death in cohort #1, we stratified patients according to biomarker quartiles in Kaplan-Meier plots and compared the groups by the log-rank test. We also performed univariate and multivariate Cox proportional hazard regression analyses for follow-up data after discharge from hospital.
In the multivariate regression models regarding prognosis, all variables associated with mortality in the univariate analyses were included into the multivariate models (backward selection) except individual covariates of EuroSCORE II or variables covered by EuroSCORE II, as EuroSCORE II score was included in all multivariate analyses. For each variable that was included in the Cox multivariate analyses there were > 8 events and thus overfitting should not be a problem in our analyses [27] .
Prognostic accuracy was also assessed by receiver operating characteristic (ROC) analysis and presented as area under the curve (AUC) with 95% confidence intervals (CI). Data from nested models are presented as recently recommended [28] . We determined the optimal preand postoperative NT-proBNP concentration for assessing long-term mortality from ROC-AUC statistics and by the use of the Youden index J. We also explored whether preoperative hs-TnT and NT-proBNP concentrations, separately and in combination, could add to Euro-SCORE II for the prediction of postoperative death by calculating the category-free net reclassification index (NRI) [29] .
A parsimonious risk model means a model that has been reduced e.g. by stepwise elimination procedure, resulting in a model with a limited number of variables. To develop a parsimonious risk model for cardiac surgical patients, we first calculated ROC-AUC in cohort #1 of all variables included in the EuroSCORE II individually, biomarkers individually, as well as the total EuroSCORE II regarding long-term mortality in the FINNAKI Heart Study (cohort #1). Second, we arranged combinations of 2, 3, and 4 variables in cohort #1 to identify the combination that gave the highest AUC using lasso regression [30] . We used the 4-unit combination with the highest AUC to create pre-and postoperative Cardiac Surgery Biomarker Scores and we tested the ROC-AUC of the postoperative Cardiac Surgery Biomarker Score in 
Results
FINNAKI Heart Study: baseline characteristics
Of the 640 patients included in cohort #1, 416 patients (65%) underwent isolated CABG, 112 patients (17.5%) single non-CABG surgery, 88 patients (13.8%) underwent two procedures, and 24 patients (3.8%) were subjected to three or more procedures (Supplementary Table 1 ). In total, 61 patients (9.5%) died within 961 days after surgery (Fig. 1) . Baseline characteristics with patients stratified according to mortality are presented in Table 1 . Non-survivors in cohort #1 were older, had more frequent and severe cardio-pulmonary disease, reduced renal function, and more often underwent acute surgery compared to patients surviving beyond 961 days after surgery. EuroSCORE II, preoperative NT-proBNP and hs-TnT concentrations, and postoperative NT-proBNP concentrations were all significantly higher in long-term non-survivors compared to survivors. Type of surgical procedure did not differ between long-term survivors and non-survivors (Supplementary Table 1 ; p = 0.11).
Cardiac biomarker concentrations in cardiac surgical patients: cohort #1
Preoperative NT-proBNP and hs-TnT concentrations correlated (rho = 0.58; p < 0.001) and medians [quartile 1-3] were 439 (148-1574) ng/L and 15 (8-37) ng/L, respectively, in the FINNAKI Heart Study (cohort #1). In multivariate linear regression analyses that explained 61% of the variance in preoperative NT-proBNP concentrations (r 2 = 0.61), several factors were associated with high NT-proBNP concentrations, including critical preoperative state and the weight of the intervention (CABG vs. other cardiac surgery) (Supplementary Table 2 ). High preoperative hs-TnT concentrations were also associated with a number of variables in multivariate linear regression analysis, including recent acute myocardial infarction, surgical urgency, critical preoperative state, weight of the intervention, and preoperative NTproBNP concentration (r 2 = 0.58; Supplementary Table 3) .
Postoperative NT-proBNP and hs-TnT concentrations in the FINNAKI Heart Study were 1352 (677-2853) ng/L and 451 (268-894) ng/L, respectively. Both values were significantly higher than preoperative concentrations (p < 0.001). We found significant correlations between pre-and postoperative concentrations for both NTproBNP (rho = 0.80, p < 0.001) and hs-TnT (rho = 0.27, p < 0.001), and postoperative NT-proBNP and hs-TnT concentrations were also correlated (rho = 0.42, p < 0.001). Duration of cardiac surgery and some of the same clinical variables that influenced preoperative measurements were also associated with postoperative NTproBNP and hs-TnT concentrations (Supplementary Tables 4 and 5 ).
FINNAKI Heart Study: cardiac biomarker concentrations and mortality
Kaplan-Meier plots with biomarker concentrations divided into quartiles, NT-proBNP (ng/L) [Q1 < 148, Q2 148-438, Q3 439-1574, Q4 > 1574] and hs-TnT (ng/L) [Q1 < 8.1, Q2 8.1-14.7, Q3 14.7-37.1, Q4 > 37.1], demonstrate that patients with preoperative NT-proBNP and hs-TnT concentrations in the 4th quartile had increased mortality during 961-day follow-up ( Fig. 2 ; p < 0.001 with the log- rank test for both). In univariate Cox regression analyses, both preoperative NT-proBNP and hs-TnT concentrations were significantly associated with time to death in 961 days, while only preoperative NTproBNP concentrations provided additional prognostic information to EuroSCORE II ( Table 2 ). The optimal preoperative NT-proBNP concentration for assessing long-term risk was 1170 ng/L with sensitivity 66% (95% CI 52-77%), specificity 73% (69-77%), positive likelihood ratio 2.5 (2.0-3.1) and negative likelihood ratio 0.5 (0.3-0.7). For postoperative NT-proBNP the optimal cut-off was 1834 ng/L with sensitivity 70% (56-81%), specificity 66% (62-70%), positive likelihood ratio 2.1 (1.7-2.5), and negative likelihood ratio 0.5 (0.3-0.7). Exploring hs-TnT and NT-proBNP in separate multivariate Cox regression analyses did not change the results (Supplementary Table 6 ). The ROC-AUC of preoperative NT-proBNP concentrations to predict 961-day mortality was 0.734 (95% CI 0.668-0.800), the AUC of EuroSCORE II was 0.740 (0.672-0.807), and the AUC of preoperative NT-proBNP and EuroSCORE II was 0.762 (0.699-0.826). Preoperative NT-proBNP concentrations also reclassified a significant proportion of patients when added to EuroSCORE II with 388 patients being moved to a more correct risk stratum (61%), while NT-proBNP measurements failed to improve risk assessment in 252 patients: NRI = 0.39 (95% CI 0.14-0.64), p = 0.003. Hence, preoperative NT-proBNP concentrations moved patients that did not experience an event down in risk stratum and moved patients that experienced an event up in risk stratum when added on top of EuroSCORE II (Fig. 3) . In contrast, the addition of hsTnT to EuroSCORE II did not improve risk prediction as tested by NRI (0.09 [−0.11-0.29, p = 0.37]) and the AUC of preoperative hs-TnT measurements was 0.700 (0.631-0.769).
Assessing also postoperative cardiac biomarker concentrations, only NT-proBNP concentrations were associated with long-term mortality when measured day 1 after cardiac surgery (Table 1 and Supplementary  Fig. 2 ). The ROC-AUC of postoperative NT-proBNP concentrations to separate long-term survivors from non-survivors was 0.711 (0.693-0.782) and the AUC of postoperative hs-TnT concentrations was 0.566 (0.485-0.648). Postoperative NT-proBNP concentrations were also significantly associated with long-term outcome in multivariate analysis that included EuroSCORE II, while postoperative hs-TnT did not provide additional prognostic information to EuroSCORE II in the total cohort (Supplementary Table 7 ).
Cardiac surgery biomarker score: parsimonious risk model
Twelve of the eighteen variables included in the EuroSCORE II calculations were associated with mortality in the FINNAKI Heart Study when analyzed separately (cohort #1; Supplementary Table 8 ). The 4-variable combination with the highest ROC-AUC for 961-day mortality in cohort #1 included (1) preoperative NT-proBNP concentrations, (2) age, (3) estimated creatinine clearance, and (4) history of chronic pulmonary disease. This parsimonious Cardiac Surgery Biomarker Score yielded an AUC of 0.787 (0.726-0.848) for all-cause mortality in cohort #1. The corresponding AUC of EuroSCORE II for 961-day mortality was 0.744 (0.676-0.811). Calculating the AUC for the Cardiac Surgery Biomarker Score using postoperative instead of preoperative NT-proBNP yielded an AUC of 0.766 (0.699-0.832) in cohort #1 and an AUC of 0.819 (0.613-1.00) for all-cause mortality in cohort #2. Baseline characteristics of cardiac surgical patients in cohort #2 are presented in Supplementary Table 9.
Discussion
In this prospective observational study comprising two separate cohorts of critically ill patients after cardiac surgery we found that NTproBNP measurements had predictive value for time to death. A 4-item Cardiac Surgery Biomarker Score including NT-proBNP measurements also had at least comparable discriminative value as the 18-item EuroSCORE II for long-term risk of death.
The original EuroSCORE was created as a risk prediction tool for hospital mortality following cardiac surgery [4] . However, as the majority of cardiac surgical patients die after hospital discharge [2] , the original EuroSCORE was later proven useful also to predict long-term mortality [31, 32] . EuroSCORE II was subsequently developed and found superior to the original EuroSCORE risk model [33, 34] . However, there are some obvious limitations to EuroSCORE II, including the need to collect data on 18 variables. Moreover, EuroSCORE II also includes invasive pulmonary pressure measurements, which limits the usefulness of this model for preoperative risk assessment. EuroSCORE II is neither validated for use in patients older than 90 years [5] , and some recommend that EuroSCORE II should not be used in patients over 70 years [35] . Recent studies have also questioned the accuracy of EuroSCORE II in patients subjected to isolated CABG and in high-risk patient groups [17, 18] . Cardiac biomarkers have obtained a strong position in clinical cardiology, including the potential of NT-proBNP to improve risk prediction in cardiac surgical patients [11] [12] [13] 15] . We now validate and extend these previous data by demonstrating that pre-and postoperative NT-proBNP measurements provide incremental prognostic information to EuroSCORE II in cardiac surgical patients. Accordingly; we believe NT-proBNP should be included in a revised EuroSCORE III risk model. Pertinent to this point; we also demonstrate that a 4-item Biomarker Risk Score of age, estimated creatinine clearance, history of chronic pulmonary disease, and NT-proBNP measurements provide at least comparable prognostic information as the 18-item EuroSCORE II for long-term risk prediction in cardiac surgical patients. Thus, although this Biomarker Risk Score will need validation in other external cohorts, our data suggest that NT-proBNP measurements could also simplify risk assessment in cardiac surgical patients. As NT-proBNP primarily is considered a marker of cardiomyocyte stress and heart failure development, it is possible also that stringent postoperative control of subjects with high NT-proBNP concentration could help reduce heart failure-related mortality during follow-up in cardiac surgical patients. In contrast, hs-TnT measurements did not improve risk assessment on top of EuroSCORE II in our cardiac surgical patients. Of note, perioperative NT-proBNP measurement is also recommended to improve risk assessment in selected groups of patients undergoing noncardiac surgery [36] . We have not directly tested whether BNP measurements would have provided similar results as NT-proBNP in our study, but in general these two assays for pro-B-type natriuretic peptide measurement are considered equal [37] and it is plausible that also BNP measurements would have added prognostic information to EuroSCORE II in our cohort.
Strengths and limitations
This study has some limitations and strengths. First, the FINNAKI Heart Study only included patients from only one tertiary cardiac surgery center and therefore our data will need validation in additional cohorts. Second, we included different types of cardiac surgical patients into these analyses, although the majority of patients were subjected to CABG. Finally, external validation of preoperative NT-proBNP measurements is also needed for the Cardiac Surgery Biomarker Score, however, it is promising that it performed well with postoperative NTproBNP in cohort #2. Potential strengths of the study include the use of contemporary biomarker assays, comprehensive statistical analyses according to established guidelines for biomarker studies [38] , and benchmarking with the EuroSCORE II model.
Conclusion
We found that pre-and postoperative NT-proBNP measurements add to EuroSCORE II for risk prediction in cardiac surgical patients. A 4-item Cardiac Surgery Biomarker Score with NT-proBNP measurements could also simplify long-term risk prediction in cardiac surgical patients.
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